Introduction: spaceflight seems associated with deterioration of the function of the skeletal muscles. Since muscle collagen is critical for muscle function, an improved understanding of the content of the muscle collagen during long-term inactivity seems important. Bed-rest with in-bed resistance training serves as a proxy for the conditions in space. Therefore, ground-based studies may improve the understanding of the consequences of long-term inactivity. Purpose: the purpose is to compare the change in collagen protein in the vastus lateralis (VL) and the soleus (SOL) muscle amongst persons exposed to a 90-day bed rest with or without resistance exercise. Methods: an explorative analysis was completed based on data from a randomized, controlled trial. The intervention group (BRE, SOL n=4, VL n=8) performed supine-based squat exercises, whereas the controls (BE, SOL n=6, VL n=12) remained inactive during follow-up. Muscle biopsies from vastus lateralis and soleus were taken at baseline (pre) and after 90-days' follow-up (post). Muscle collagen (µg collagen/mg protein) was quantified. Two-way repeated measurements ANOVA was used to compare the interaction between the intervention (BRE/BR) and time (pre/post) for each muscle. Results: the collagen content of VL was similar between pre and post in the BRE group (-3.8 µg collagen/mg protein [95% CI: -22.0; 14.4], p=0.68) while it rose amongst individuals in the BR group (14.9 µg collagen/mg protein [95% CI: -0.01; 29.7], p=0.05). The difference of 18.66 [95% CI: -6.5; 43.9] between BRE and BR across time was, however, not significant (p=0.14). No significant reduction in SOL muscle collagen content was observed from pre to post in the BR group (-9.3 µg collagen/mg protein [95% CI: -24.9; 6.4], p=0.25) or in the BRE group (-6.5 µg collagen/mg protein [95% CI: -25.6; 12.6], p=0.50). There was no difference in the effect of BR versus BRE over time (mean difference -2.78 µg collagen/mg protein [95% CI: -29.7; 24.1], p=0.82).
Introduction
Continuous exercise is important to maintain physical performance, bone mass and muscle function. During spaceflight, astronauts are exposed to a gravitational environment, which limits their ability to perform weight-bearing exercises. As a consequence, it is widely accepted that spaceflight is associated with atrophy and deterioration of the function of the skeletal muscles 1 . Although this belief is debatable because supporting data from long-term space missions are lacking 2, 3 , studies have been conducted to illuminate the beneficial effects of resistance training during ground-based bed rest (BR) [4] [5] [6] . Consequently, evidence surfaced during the past decades that such inflight exercise simulating resistance training, or equivalently bed rest resistance exercise (BRE), may © C I C E d i z i o n i I n t e r n a z i o n a l i counter act the deleterious effect of inactivity on muscle function [4] [5] [6] . Since muscle collagen is critical for muscle function 6 , an improved understanding of the content of the muscle collagen during long-term inactivity seems important. The effect of BRE on the collagen level in the vastus lateralis muscle and the soleus muscle is, still, an important area to study, since the vastus lateralis contributes to shock-absorption at foot strike and the soleus muscle is a main contributor to propulsion during human gait 7, 8 . A period of inactivity without resistance exercise may affect walk and run, possibly because the content of muscle collagen, amongst other factors like muscle volume, strength or fatigability, changes. Interestingly, Haus et al. 6 reported a significant increase from 3±1 to 18±3 µg/mg muscle wet weight in the soleus muscle, while the collagen concentration in the vastus lateralis remained similar, following a 90-day, bed rest period without resistance exercise. These data were, however, not compared to an intervention group completing resistance exercise. The purpose of the present study was, therefore, to compare the muscle collagen content (µg collagen/mg protein) in the vastus lateralis muscle and in the soleus muscle following a 90-day period amongst ten persons exposed to BR or BRE.
Methods
The trial meets the ethical standards of the Muscles, Ligaments and Tendons Journal 9 .
Design
The design was a randomized controlled trial with a 90-day follow-up completed at the Institut de Médecine et de Physiologie Spatiales (MEDES) in Toulouse, France 4,10 . The experimental design has been described elsewhere 4, 10, 11 . All subjects gave informed consent to participate in the study, which was approved by the local Ethical Committee in Toulouse, France [le Comité consultative de protection des personnes dans la recherche biomedicale (C.C.P.P.R.B.) de Toulouse I].
Subjects
The bed rest procedure was organised by staff at MEDES. All subjects were placed in a supine position and maintained a 6-degree head-down tilt position at all times during bed rest. During transportation, toilet, shower and training, the subjects were restricted to a head-down recumbent position 10 . Muscle biopsies were obtained from the vastus lateralis (VL), and for comparison, from the soleus (SOL) muscle. The subjects were randomly allocated to one of the following two exposure groups: bed rest without resistance exercise (BR, SOL n=6, VL n=12) or bed rest with resis-tance exercise (BRE, SOL n=4, VL n=8).The subjects in the BR group were 32±2 years, had a length of 174±2 cm, weight of 70±2 kg and a BMI of 23±1 kg m -2 . The mean age in the BR group was 32±2 years, length was 174±1 cm, weight was 72±2 kg and BMI was 24±1 kg m -2 .
Exposure
Primary exposure was resistance exercise. The exercise intervention consisted of 29 training sessions during the 90-day follow-up. In each session, twojoint squat exercises consisting of four sets of seven maximal concentric and eccentric repetitions of supine squats were completed in a 6-degree headdown tilt position. In addition to the primary exposure, time was included using two discrete time-points: prior to bed rest (pre) and after 90-days' follow-up (post).
Outcome
The primary outcome was the paired change in muscle collagen content (µg collagen/mg protein) between pre to post. Muscle biopsies were taken from the soleus and vastus lateralis prior to and at the end of follow-up. Following each biopsy, a piece of the muscle was embedded in Tissue Tek and immediately frozen in is opentane cooled by liquid nitrogen. The embedded biopsies were then stored at -80° C.
Collagen measurement
8-12 sections of 20 µm where cut in a cryostat and hydrolysed in 0.5 ml 6 M HCl at 110° C as described in Syk et al. 12 . Following evaporation of HCl in a heating block (95°C, repeated with H2O), the hydrolysates were dissolved in acetate-citrate buffer and 150 µl used for colorimetric measurement and hydroxyproline by the chloramine-T method 13 . Total amino acid content was measured in the hydrolysate with the OPA-NAC method as previously described 14 , except the reactions which were performed in microtiter plates on 10 µl sample in 200 µl and measured in a fluorimeter (ex 340 nm, em 450-476 nm, Victor3 1420 multi-label counter, Perkin-Elmer, Waltham, MA, USA). Hydroxyproline and valine were used for standard curves, but bovine collagen (C9879, Sigma) and bovine serum albumin (as total protein) (A3912, Sigma) were included and the final results related to these measurements to yield mg collagen per mg total protein. A histological study of the different conditions might provide better insight of muscle response and result reliability. Such study was completed (picrosirius red). Unfortunately, the collagen distribution was impossible to quantify. Therefore, no histological data is presented. However, pictures of the cross-section area from a biopsy in the soleus muscle and the vastus © C I C E d i z i o n i I n t e r n a z i o n a l i lateralis muscle prior to-and after the bed rest period from a person in the BR group and a person in the BRE group are visualised in the supplementary material.
Statistical analyses
In STATA (version SE 13, College Station, Texas, USA), a two-way repeated measurements ANOVA was used to compare the interaction between group (BR/BRE) and time (pre/post). Results are presented according to the recommendations by Knol and Vander Weele 15 . Significance was accepted at P< 0.05.
Results
Descriptive data on the collagen content (µg collagen/mg protein) in the soleus and vastus muscles prior to and after bed rest is presented in 
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Collagen content in the vastus lateralis and the soleus muscle following a 90-day bed rest period with or without resistance exercises -6.5; 43.9] between BRE and BR across time was, however, not significant (p=0.14). In the soleus muscle, there was no significant change in the BR group (-9.3 µg collagen/mg protein [95% CI: -24.9; 6.4], p=0.25) nor in the BRE group (-6.5 µg collagen/mg protein [95% CI: -25.6; 12.6], p=0.5) from pre to post (Tab. 3). There was no difference in the effect of BR versus BRE over time (mean difference -2.78 µg collagen/mg protein [95% CI: -29.7; 24.1], p=0.82). In Figure 1 , the absolute collagen levels at baseline and at the end of follow-up in the vastus lateralis and soleus muscles are visualised.
Discussion
In the present study, persons were randomised to bed rest without exercise or bed rest with a 29-session resistance-training regime targeted at the knee extensors. Over a 90-day period, the collagen content of the vastus lateralis seemed to decrease in the BRE group while an increased collagen level was present in the BR group. This interaction between time and intervention groups was, however, not significant (p=0.14). We do not have any reasonable explanation of this result. Possibly, resistance exercise does not © C I C E d i z i o n i I n t e r n a z i o n a l i diminish the reduction in the collagen in the ankle plantar flexor nor knee extensors indicating that it is important to develop different loading regimes for use in space. Potentially eccentric components of the exercise needs to be improved to generate enough load and possibly micro-fractures in the collagen to stimulate an adaptive healing response leading to maintained content of collagen in the muscles. Importantly, more studies are needed to verify this assumption and investigate the association between other measures like muscle fibre type/size analysis, muscle atrophy, strength or fatigability between those who exercise and their non-exercising peers as done by Haus et al 6 .
In the soleus muscle, the change in absolute collagen content was insignificant in BRE and BE (Tab. 3) and no interaction between intervention group and time was observed (p=0.82). Based on this, squat-based exercises do not seem to affect the collagen content in the soleus muscle. It is well-known that squat exercises target the knee extensors. Such exercise may not stress the ankle plantar flexors sufficiently to produce an effect. If exercises targeted at the ankle plantar flexors had been performed, it may have led to significant changes in collagen content between BRE and BR. Another limitation besides the type of exercise is the small sample of ten persons, which likely could have led the primary result to be underpowered. Therefore, future research should address the effect of exercises targeted at the ankle plantar flexors amongst a greater sample. The strength of the present trial was the 90-days' bed rest period and the study design (randomised, controlled trial). Although confounding may be limited owing to the design, it may also be introduced because of lack of biopsies on all randomised participants. In particular, a limited number of persons had biopsies taken from the soleus. Based on this, bias because of confounding could be introduced on the soleus data. However, there were no significant differences between age, height, weight and BMI between the BRE and BR leaving out these co-variates as confounders. Still, unknown confounders could have biased the result.
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In the present study, there was no effect of squatbased resistance exercise on the change in muscle collagen content in the two muscles examined. Importantly, resistance exercise may lead to a maintained muscle volume (prevent atrophy) 5, 6 and lead to preserved bone mineral concentration 5 during bed rest. Therefore, astronauts should still be encouraged to exercise regularly during spaceflight missions.
Conclusion
In the present study, resistance training did not affect the collagen content in the vastus lateralis or soleus muscle to a greater or lower level than non-exercising controls. Consequently, there was no effect of squatbased resistance exercise on the change in muscle collagen content in the two muscles. 
